C urrently, there are several surgical approaches to correct lumbar spinal stenosis (LSS). Although conventional laminectomy for LSS has been routinely performed, this procedure involves the dissection of the bilateral paravertebral muscles (PVMs) that are detached extensively from the spinous process and laminae. In addition, the posterior midline ligaments, such as the supraand interspinous ligaments, lose their original attachments when the spinous processes are removed. Surgical damage to these important stabilizing structures may lead to postoperative segmental malalignment, instability, and subsequently failed-back surgery syndrome. To prevent such damaging complications, Watanabe et al. 17 first developed lumbar spinous process-splitting laminectomy (LSPSL). This procedure involves longitudinally splitting the spinous process into two halves, leaving its muscular and ligamentous attachments undisturbed, followed by laminectomy with minimal muscle dissection from the lamina. The LSPSL procedure allows for sufficient exposure of intraspinal nerve tissues, comparable with conventional abbreviatioNS CL = conventional laminectomy; JOA = Japanese Orthopaedic Association; LSPSL = lumbar spinous process-splitting laminectomy; LSS = lumbar spinal stenosis; PVM = paravertebral muscle. Submitted January 22, 2014. accepted September 19, 2014. iNclude wheN citiNg Published online January 16, 2015; DOI: 10.3171/2014.9.SPINE1457. diScloSure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. The lumbar spinous process-splitting laminectomy (LSPSL) procedure was developed as an alternative to lumbar laminectomy. In the LSPSL procedure, the spinous process is evenly split longitudinally and then divided at its base from the posterior arch, leaving the bilateral paravertebral muscle attached to the lateral aspects. This procedure allows for better exposure of intraspinal nerve tissues, comparable to that achieved by conventional laminectomy while minimizing damage to posterior supporting structures. In this study, the authors make some modifications to the original LSPSL procedure (modified LSPSL), in which laminoplasty is performed instead of laminectomy. The purpose of this study was to compare postoperative outcomes in modified LSPSL with those in conventional laminectomy (CL) and to evaluate bone unions between the split spinous process and residual laminae following modified LSPSL. Forty-seven patients with lumbar spinal stenosis were enrolled in this study. Twenty-six patients underwent modified LSPSL and 21 patients underwent CL. Intraoperative blood loss and surgical duration were evaluated. The Japanese Orthopaedic Association (JOA) scale scores were used to assess parameters before surgery and 12 months after surgery. The recovery rates were also evaluated. Postoperative paravertebral muscle atrophy was assessed using MRI. Bone union rates between the split spinous process and residual laminae were also examined. The mean surgical time and intraoperative blood loss were 25.7 minutes and 42.4 ml per 1 level in modified LSPSL, respectively, and 22.7 minutes and 29.5 ml in CL, respectively. The recovery rate of the JOA score was 64.2% in modified LSPSL and 68.7% in CL. The degree of paravertebral muscle atrophy was 7.8% in modified LSPSL and 22.2% in CL at 12 months after surgery (p < 0.05). The fusion rates of the spinous process with the arcus vertebrae at 6 and 12 months in modified LSPSL were 56.3% and 81.3%, respectively. The modified LSPSL procedure was less invasive to the paravertebral muscles and could be a laminoplasty; therefore, the modified LSPSL procedure presents an effective alternative to lumbar laminectomy.
laminectomy (CL), while minimizing damage to posterior supporting structures. 17 However, the split spinous process loses the residual laminae; we modified this procedure, retaining continuity between the split spinous process and laminae. The purpose of this study was to compare surgical outcomes in modified LSPSL with those of CL and to evaluate the usefulness of the modified LSPSL procedure.
methods
Patient inclusion criteria were lumbar canal stenosis, no degenerative lumbar spondylolisthesis, and no previous history of lumbar surgery. Patients with degenerative spondylolisthesis and degenerative lumbar scoliosis were excluded from this study. From 2005 to 2008, 47 eligible patients underwent stenosis decompression. All patients were followed-up for more than 1 year. We evaluated the outcomes of 26 patients (18 (Table 1 ). In the modified LSPSL procedure, decompression was performed at 2 levels in 13 patients, 3 levels in 8 patients, and 4 levels in 5 patients. In the CL procedure, decompression was performed at 2 levels in 10 patients, 3 levels in 9 patients, and 4 levels in 2 patients. In all patients, the surgery was performed by the experienced senior author (Y.Y.). This study was approved by the Institutional Review Board of Chubu Rosai Hospital.
Modified Surgical Procedures
A total of 26 patients underwent modified LSPSL in the prone position. In this procedure, a posterior midline skin incision was made between the L-3 and L-5 spinous processes to expose the top of the L-4 spinous process (if L3-4 and L4-5 decompressions were predetermined). The midline of the supraspinous and interspinous ligaments of both L3-4 and L4-5 were cut; the L-4 spinous process was longitudinally split to the middle of its base with an electric bone saw and then bilaterally divided from the L-4 laminae at the planned angle with a flat chisel to slip off the upper half of the lamina, thereby leaving the bilateral PVM attached to the lateral aspect of the split spinous process (Fig. 1A) . The supra-and interspinous ligaments between L3-4 and L4-5 were also split to the termini. A sufficiently wide working space for an L-4 laminectomy was obtained by retracting the split spinous process bilaterally with its PVM (Fig. 1B) . The decompression procedure was the same as the procedure of Watanabe et al.
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The L-4 laminae and the small lower part of the L-3 laminae were removed using both flat and circular chisels. The L3-4 ligamentum flavum was then excised from the L3-4 interspace. The ligamentum flavum beneath the posterior aspect of the L-3 laminae was removed using a Kerrison rongeur. If good access to the lateral recesses and the entry zone of the intervertebral foramina was obtained, the nerve roots and thecal sac were decompressed; L4-5 was decompressed similarly. Finally the supra-and interspinous ligaments of both L3-4 and L4-5 were sutured together and each half of the split L-4 spinous process was reapproximated using a strong suture (Fig. 1C) .
outcome measures
Clinical and functional outcomes were evaluated us- * The recovery rate of subjective symptoms for low-back pain was assessed using the JOA scoring criteria.
ing the Japanese Orthopaedic Association (JOA) scale score, 7 which is composed of 9 points assigned to subjective symptoms, 6 to clinical signs, and 14 to restriction of daily living activities (maximum score = 29 points). The recovery rate of the JOA score was evaluated using the Hirabayashi method. 6 Further, to evaluate pre-and postoperative low-back pain, the recovery rate of subjective symptoms for low-back pain was assessed using the JOA scoring criteria. The surgical duration and intraoperative blood loss for each level were analyzed.
Quantitative analysis of the pvms
To evaluate the magnitude of surgical damage to the PVMs, we measured the cross-sectional PVM area on preoperative and 12-month postoperative T2-weighted axial MR images, which were obtained at the lowest operating intervertebral level. Measurement was performed twice on each image, and the mean of the cross-sectional area of PVM was calculated in each patient. The rate of muscle atrophy was calculated using the following formula: atrophy rate (%) = (1 -total postoperative area/total preoperative area) × 100. 17 bone union rates between the Split Spinous process and residual laminae
Radiological data for the patients who underwent modified LSPSL were evaluated by axial CT before surgery and 6 and 12 months after surgery at the residual lamina level. However, the patients who underwent modified LSPSL, but whose bone fusion at 6 and 12 months after surgery was not evaluated with CT, were excluded. If the unilateral or bilateral residual laminae at all decompression levels were fused with the split spinous process, we recognized the bone fusion as successful (Fig. 1D ).
Statistical analysis
All clinical charts and radiological data of the patients were retrospectively reviewed. The data are presented as means ± standard deviations. Statistical differences in pre-and postoperative clinical and radiographic parameters after modified LSPSL were compared using the Student t-test. A p value < 0.05 was considered statistically significant.
results clinical results
No major surgery-related complications occurred following modified LSPSL and CL. The mean pre-and 12-month postoperative JOA scores were 13.0 ± 4.8 and 23.3 ± 4.6 in modified LSPSL, respectively, and 11.9 ± 2.2 and 23.3 ± 4.4 in CL, respectively, indicating that the JOA scores were significantly improved after surgery. The mean postoperative JOA scores were not significantly different in either group. The recovery rates at 12 months after surgery were 64.2% ± 27.0% in modified LSPSL and 68.7% ± 25.9% in CL. The recovery rates of subjective symptoms for low-back pain at 12 months after surgery were 58.3% ± 43.2% in modified LSPSL and 50.0% ± 42.9% in CL. The mean surgical duration and intraoperative blood loss for single-level decompression was 25.7 minutes and 42.4 ml in modified LSPSL, respectively, and 22.7 minutes and 29.5 ml in CL, respectively. These differences were not statistically significant in both groups (Table 1) .
muscle invasiveness and bone union
The PVM atrophy rates at 12 months after surgery were 7.8% ± 11.4% in modified LSPSL and 22.2% ± 13.2% in CL, respectively (Table 1; Fig. 2 ). For bone union, 10 (38.5%) of the 26 patients who underwent the modified LSPSL procedure were excluded from analysis because of the lack of CT images. The bone union rates between the spinous process and the residual laminae at 6 and 12 months after surgery were 56.3% and 81.3%, respectively (Table 1) .
discussion
The LSPSL procedure allows for better exposure of intraspinal nerve tissues, comparable to that achieved by CL, while minimizing damage to posterior supporting structures. We proposed a modified LSPSL procedure, in which laminoplasty is performed instead of laminectomy. JOA scores, the recovery rate of JOA scores and subjective symptoms for low-back pain, and the mean surgical duration and intraoperative blood loss were not significantly different in either procedure. Analysis of our results demonstrated that the muscle atrophy rate was significantly lower in modified LSPSL than in CL. Also, the bone fusion rate at 12 months with modified LSPSL was 81.3%. Modified LSPSL can be expected to achieve better longterm spinal stability than conventional spinous processsplitting procedures.
From several anatomical and functional studies of PVM, 4, 5, 14, 15, 18 it is clear that muscle damage can result in postoperative PVM dysfunction. Intraoperative damage to the posterior supporting structures can lead to irreversible PVM atrophy. Kawaguchi et al. 12 reported that back muscle injury occurred in all patients who underwent posterior lumbar surgery, and these injuries were related to retraction pressure, duration of surgery, and extent of exposure. Moreover, Katz et al. [8] [9] [10] [11] reported that 7-10 years after decompression laminectomy for spinal stenosis, 23% of patients required revision surgery and 33% reported severe back or buttock pain. However, several authors have reported many breakthrough procedures. 3, 16 For example, Watanabe et al. 17 developed the LSPSL procedure as an alternative to lumbar laminectomy. This procedure offers the advantages of a wider surgical working space and optimized visualization, resulting in less muscular damage. Cho et al. 2 evaluated a minimally invasive spinal surgery technique to correct degenerative LSS involving a splitspinous process laminotomy and discectomy (also known as the Marmot procedure); however, decompression of the lateral recess of the spinal canal by the Marmot procedure is somewhat difficult for a novice neurosurgeon because of the narrow working space. We performed modified LSPSL, a newly developed technique, in which laminoplasty is substituted for laminectomy. Our procedure allows for a wider working space to achieve bone fusion between the split spinous process and residual laminae (Fig.  3) . In the present study, we used an innovative MRI method to determine the cross-sectional area of PVM after posterior lumbar surgery. This method takes into account both cross-sectional areas on axial MRI. Using a computer-based image analysis system, we combined MRI data to measure the cross-sectional area of PVM. Gille et al. 5 reported that fatty involution of the erector spinae muscles proximal to the decompression level was negligible, although it was more marked distal to the arthrodesis. The vascularization and innervation of these muscles are segmented with numerous vertical anastomoses. Fewer such anastomoses exist in the lower lumbar spine, possibly explaining the relatively severe muscle changes there compared with the sparing of these changes observed in the more proximal muscles. Therefore, we evaluated the intervertebral PVM at the lowest level of surgery because it was expected to receive greater damage than the upper PVMs. The present study showed that the modified LSPSL procedure was less invasive to PVMs than CL, in accordance with the results of past reports. At 12 months after modified LSPSL, the PVM atrophy rate was 7.8%, similar to rates in previous studies 13, 17 (Table 2) . Abumi et al. 1 reported that the division of the supraspinous and interspinous ligaments did not affect the range of motion. Cho et al. 2 reported that central splitting and partial removal of the interspinous ligaments did not affect spinal stability. The modified LSPSL procedure in the current study not only required the division of the supraspinous and interspinous ligaments but also facilitated bone fusion between the split spinous process and residual laminae. In this study, the bone union rate between the split spinous process and residual laminae was 81.3%. Therefore, the modified LSPSL procedure can be expected to achieve greater spinal stability than conventional splitting procedures. Although the modified LSPSL procedure resulted in limited bone union, postoperative nonfusion of laminae was observed in this study regardless of the number of decompressed levels. Therefore, it is necessary to conduct further studies with a greater number of cases to better evaluate the potential benefits and limitations of modified LSPSL. If bone fusion between the split spinous process and residual laminae is observed, modified LSPSL can be expected to achieve improved long-term spinal stability compared with conventional splitting procedures. The surgical duration of modified LSPSL was a little longer than that of CL because early cases were included. However, the learning curve for the modified LSPSL procedure gradually improved so that in more recent cases the surgical duration was shortened. This study had some limitations that should be addressed. First, the follow-up periods were relatively short because the intent of this report was to present initial preliminary results; therefore, a longer follow-up period is required to accurately assess long-term spinal stability. Second, bone fusion between the split spinous process and residual laminae could not be examined in all patients.
conclusions
The results of the present study revealed good clinical results, in accordance with those of past reports. However, modified LSPSL can be expected to achieve better longterm spinal stability than conventional splitting procedures.
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